Introduction
============

The World Health Organization (WHO) has estimated that from 2007 to 2030, the number of cancer patients will increase from 11.3 million to 15.5 million, and death caused by cancer will increase by 45% from 7.9 million to 11.5 million, indicating that cancer is one of the major causes of death worldwide \[[@B1]\]. The number of cancer patients is increasing in Korea as well; it is reported that -120 thousand individuals became cancer patients in 2008, with \> 550 thousand already being established patients \[[@B2]\].

In the case of breast cancer, Korea had 11,439 new patients in 2008 (both male and female) and it was ranked in 6th in the occurrence rate of new patients \[[@B3]\]. For female patients only, it was ranked 2nd in occurrence rate, and 1st in the number of treated patients (National Health Insurance, all rights reserved) \[[@B2]\].

Breast cancer is divided into invasive and non-invasive categories according to its metastatic behavior, and \> 75% of breast cancer is invasive. Thus, although it is important to prevent the occurrence of breast cancer per se, preventing metastasis after breast cancer has occurred can be a crucial way to reduce the resulting death rate. In general, the mechanism of tumor metastasis is as follows. Tumor cells migrate from primary tumors and attach to basement membranes, whose extracellular-matrix (ECM) made of collagen, is degraded by matrix metalloproteases (MMPs), causing invasion into proximal tissues \[[@B4]-[@B6]\]. The tumor cells then enter the circulation system including blood / lymphatic vessels, and circulate through and penetrate vessels of certain tissues to cause metastatic cancer \[[@B7]-[@B9]\]. More than 90% of breast cancer occurs at Lactiferous ducts, which have widely distributed lymphatic vessels through which cancer can easily metastasize \[[@B10]\].

Sulfur is a chemical element with an atomic number of 16 (MW 32.064) and is denoted by S. It is insoluble in water, but soluble in alcohol, benzene, and ether \[[@B11]\]. Chemicals containing sulfur are usually involved in redox (oxidation-reduction) reactions in the body \[[@B12]\]. The human body can ingest sulfur from water and food, mainly as organic sulfur from sulfur-containing amino acids (SAAs) in foods \[[@B13]\]. However, it is reported that although a sufficient amount of sulfur-containing amino acids are ingested, sulfate deficiency symptoms can occur if the amount of dietary sulfate is insufficient, and thus a supply of dietary sulfate is essential for mice \[[@B14]\]. It is also reported that dietary sulfate for animals can supply the sulfur needed to form cysteine, and thus affect the function of bioactive materials that have cysteine as their precursor \[[@B15]\]. Although inorganic sulfur is thought to play an independent physiological role, little research has been done on this topic.

Toxicity by inorganic sulfur is uncommon and is usually limited to the skin \[[@B4]\]. No toxicity was reported from oral administration of 0.17 mg/kg to humans, or in other animal tests with rabbits, rats, guinea pigs, and dogs \[[@B5]\].

The anti-cancer effects of organic sulfur contained in foods have been reported \[[@B16]-[@B18]\], but those of inorganic sulfur have rarely been examined. Thus, in this study, we explored whether inorganic sulfur can affect the motility and invasion of human MDA-MB-231 breast cancer cells, as well as MMP-2 and MMP-9 activity and mRNA expression to affect tumor metastasis.

Materials and Methods
=====================

Reagents and chemicals
----------------------

Inorganic sulfur powder of ≥ 99% purity was obtained from Sulfon PS Inc. (Seoul, Korea). The inorganic sulfur powder was dissolved in methyl alcohol (Aldrich, 320390, USA) at a 5 mM concentration and stored at -20℃. Dulbecco\'s Modified Eagle\'s medium and Ham\'s F12 Nutrient Mixture (DMEM/F12), as well as streptomycin and penicillin were obtained from Gibco/BRL (Grand-Island, NY, USA). RIA-grade bovine serum albumin (BSA), transferrin, and other reagents were purchased from Sigma (St. Louis, MO, USA).

Cell culture
------------

MDA-MB-231 human breast cancer cells were purchased from the American Type Culture Collection (Rockville, MD, USA). The cells were maintained in DMEM/F12 containing 100 ml/L of fetal bovine serum (FBS) with 100,000 U/L of penicillin and 100 mg/L of streptomycin. The medium was replaced every 2-3 days. To examine the effects of inorganic sulfur on breast cancer cell proliferation, MDA-MB-231 cells were plated in 24-well plates at a density of 2.5 × 10^4^ cells/mL in DMEM/F12 supplemented with 10% FBS. After 48 h of incubation, the monolayers were serum-starved with DMEM/F12 supplemented with 5 µg/mL transferrin, 5 ng/mL selenium, and 1 mg/mL bovine serum albumin for 24 h. After serum starvation, the monolayers were incubated in serum free medium (SFM) with 0, 12.5, 25, or 50 µmol/L inorganic sulfur. Viable cell numbers were estimated at 0 and 48 h after the cells were exposed to inorganic sulfur by using the 3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyltetrazolium bromide (MTT) assay, as previously described \[[@B19]\]. The experiments were performed independently 3 times.

Boyden chamber motility assay
-----------------------------

The Boyden chamber motility assay was performed as previously described \[[@B20]\]. PVPF filters (8 µm diameter pore size) were coated with a 0.01% gelatin solution for 16 h at room temperature. MDA-MB-231 cells resuspended in SFM in the absence or presence of various concentrations (12.5, 25, or 50 µmol/L) of inorganic sulfur were carefully transferred into the upper chamber. The lower chamber was filled with 10% FBS medium to attract the cells. The Boyden chamber was incubated at 37℃ with 5% CO~2~ for 8 h. After gently removing the filter from the chamber, the cells on the upper chamber side of the filter were removed by wiping the filter with paper. The filter was stained with Diff-Quick stain solution (Dade Behring, Network, NJ, USA) and the cells on the lower surface of the filter were fixed onto a glass slide. The cells in 5 randomly selected microscopic fields (× 400) of the lower slide were then counted. The experiments were performed independently 3 times.

Invasion assay
--------------

The invasion assay was performed as previously described \[[@B21]\]. Wells of a Matrigel chamber (BD Bioscience, MA, USA) were filled with SFM and adapted at room temperature. MDA-MB-231 cells resuspended in SFM with the absence or presence of various concentrations (12.5, 25, or 50 µmol/L) of inorganic sulfur were carefully transferred into the upper chamber. The lower chamber was filled with 10% FBS medium to attract the cells. The Matrigel chambers were incubated for 12 h at 37℃ with 5% CO~2~. Then, the cells on the upper surfaces of the filters were removed by wiping the filter with paper. The filters were stained with Diff-Quick stain solution and the cells on the lower surface of the filter were fixed onto a glass slide. Cells in 5 randomly selected microscopic fields (× 400) of the lower slide were counted. The experiments were performed independently 3 times.

Matrix metalloproteases activity (gelatin zymography)
-----------------------------------------------------

MMP activity was investigated as previously described \[[@B22]\]. The cells were seeded into 6-well plates at 1 × 10^3^ cells/mL and incubated in a medium containing 10% FBS for 48 h. The monolayers were incubated in the presence of various concentrations of inorganic sulfur (0, 12.5, 25, 50 µmol/L) for 24 h. The supernatants were collected and concentrated 10-fold in Centricon centrifugal filter devices (Milipore, Bedford, MA, USA), after which the MMP activity in the supernatants was investigated using gelatin zymography. Each supernatant was mixed with 2x sample buffer (lnvitrogen), and zymography was performed using gels (10% polyacrylamide, 1% gelatin). The MMP activities were visualized by staining with Coomassie blue. The experiments were performed independently 3 times.

Reverse transcriptase polymerase chain reaction
-----------------------------------------------

MMP mRNA levels in the culture medium were determined as previously described \[[@B22]\]. Total RNA was isolated using TRI-reagent (Sigma), and cDNA was synthesized using 2 µg of total RNA with SuperScript II reverse transcriptase (lnvitrogen). For amplification of the cDNA, primers for MMP-2 (upstream primer, 5\'-CAGGCTCTTCTCCTTTCSCAAC-3\'; downstream primer, 5\'-AAGCCACGGCTTGGTTTTCCTC-3\') and MMP-9 (upstream primer, 5\'-TGGGCTACGTGACCTATGACCAT-3\'; downstream primer, 5\'-GCCCAGCCCACCTCCACTCCTC-3\'; annealing at 55℃ for 1 min with 35 cycles) were used. The polymerase chain reaction (PCR) products were separated on a 1% agarose gel and stained with ethidium bromide. The bands corresponding to each specific PCR product were quantified by densitometric scanning of the exposed film using the Bio-profile Bio-IL application (Vilber-Lourmat).

Statistical analysis
--------------------

Statistical analyses were performed using the Statistical Analysis System software (SAS Institute, Cary, NC, USA). The data were expressed as means with standard errors and analyzed via analysis of variance (ANOVA). Statistically significant differences among the means of groups were tested at α = 0.05 using Duncan\'s multiple range test.

Results
=======

Inorganic sulfur did not influence cell proliferation in MDA-MB-231 cells until 24 h of incubation
--------------------------------------------------------------------------------------------------

To examine the effects of inorganic sulfur on MDA-MB-231 cell proliferation, cells in a monolayer culture were incubated in SFM with 0, 12.5, 25, or 50 µmol/L inorganic sulfur. Numbers of viable MDA-MB-231 cells did not differ by inorganic sulfur treatment from 0 to 50 µmol/L within 48 h ([Fig. 1](#F1){ref-type="fig"}). To show that the anti-metastatic effect of inorganic sulfur was independent of a decrease in cell proliferation, the inorganic sulfur treatment time did not exceed 48 h in this study.

Inorganic sulfur decreases tumor motility and invasion of MDA-MB-231 cells
--------------------------------------------------------------------------

Inorganic sulfur significantly decreased tumor motility using a Boyden chamber assay ([Fig. 2](#F2){ref-type="fig"}) (*P* \< 0.05), and invasion through a Matrigel chamber ([Fig. 3](#F3){ref-type="fig"}) (*P* \< 0.05).

Inorganic sulfur reduces MMP-2 and MMP-9 activity in MDA-MB-231 cells
---------------------------------------------------------------------

To determine the effects of inorganic sulfur on MMP-2 and MMP-9, which degrade ECM allowing the metastasis of malignant tumors, their activities were tested. Here, the induced activity of MMP-2 and MMP-9 was significantly reduced by inorganic sulfur in a dose-dependent manner ([Fig. 4](#F4){ref-type="fig"}) (*P* \< 0.05).

Inorganic sulfur reduces MMP-2 and MMP-9 mRNA expression in MDA-MB-231 cells
----------------------------------------------------------------------------

We performed RT-PCR analysis to determine whether inorganic sulfur regulates MMP-2 and MMP-9 mRNA expression. As shown in [Fig. 5](#F5){ref-type="fig"}, inorganic sulfur significantly inhibited MMP-2 and MMP-9 mRNA expression in the cells (*P* \< 0.05).

Discussion
==========

Because \> 90% of breast cancer occurs at Lactiferous ducts which have widely distributed lymphatic vessels through which the cancer can easily metastasize \[[@B10]\], research on dietary components that can prevent metastasis has great significance. Sulfur is a nutrient whose composition in the body is the seventh highest \[[@B13]\], and research on organic sulfur, such as that contained in cruciferous vegetables, has been performed with regard to its relevance to cancer \[[@B16]-[@B18]\]. On the other hand, few studies have focused on inorganic sulfur. Thus, in the present study, we attempted to explore the nutritional and physiological functions of inorganic sulfur by studying its effects on breast cancer metastasis.

When MDA-MB-231 cells were treated with inorganic sulfur, no effects were observed until 48 h of incubation. However, after 72 h of incubation, it was observed from previous tests that cell proliferation was suppressed as the concentration of inorganic sulfur increased (data now shown). In this study, we did not exceed 48 h of inorganic sulfur treatment in order to show that the effects of inorganic sulfur on the motility or invasion of tumor cells were independent from the suppression of cell proliferation.

As a consequence, treatment with inorganic sulfur significantly suppressed tumor motility and invasion in a Boyden chamber and invasion assays at a concentration \> 25 µmol/L. Wu et al. treated L9981 lung cancer cells with sulfur-containing benzyl isothiocyanate (BITC) and phenethyl isothiocyanate (PEITC), and reported that the motility of BITC and PEITC were decreased to 11.1% and 19.4% (compared to control) after 24 h, of incubation, and to 8.1% and 16.5% after 30 h of incubation, respectively \[[@B23]\]. Ho et al. \[[@B24]\] treated AGS gastric cancer cells with BITC (0, 0.25, or 0.5 µmol/L) in a Boyden chamber motility assay, and reported that tumor cell motility decreased by 42% and 43% for 0.25 and 0.5 µmol/L after 24 h of incubation, respectively, and 37% and 44% after 48 h of incubation, respectively. They concluded that the decrease in tumor motility by organic sulfur was due to a decrease in the ERK signal pathway. Furthermore, Hwang and Lee \[[@B25]\] treated SK-Hep1 human hepatoma cells with allyl isothiocyanates (AITC) and N-acetylcysteine conjugate isothiocyanates (NAC-AITC) at 0-5 µmol/L to explore their effects on tumor cell invasion. As a result, they reported that AITC and NAC-AITC significantly decreased tumor cell invasion at the concentration of 1 µmol/L, and at 5 µmol/L, tumor invasion was decreased by 60% and 53% for AITC and NAC-AITC, respectively. According to the above data, sulfur-containing organics have been reported to decrease the motility and invasion of tumor cells, and it was found in this study that inorganic sulfur has the same effect.

Tumor metastasis is the major cause of death for cancer patients and involves the activation and migration of ECM-degrading enzymes \[[@B26]\]. Consisting of collagen, ECM is degraded by MMPs, and tumor cells will then metastasize to proximal blood vessels \[[@B5],[@B6]\]. Enzymes that can degrade cell membranes and cause the invasion and metastasis of tumor cells include MMPs, serine proteases, cysteine proteases, and aspartyl protenases; among these, MMPs are Zn-dependent peptides that can degrade ECM and play a role in wound healing, tumor invasion, metastasis, and angiogenesis \[[@B5],[@B27],[@B28]\]. MMPs are classified into gelatinases, collagenases, stromelysins, and membrane type MMPs according to enzyme characteristics \[[@B29]\]. High expressions of MMP-2 and MMP-9 that have characteristics of gelatinases are closely related to the metastasis of breast cancer \[[@B6],[@B30]-[@B33]\]. Davies et al. \[[@B34]\] reported that the activation of MMP-2 and MMP-9 increased in breast cancer.

In this study, treatment of MDA-MB-231 cells with inorganic sulfur significantly decreased the activation of MMP-2 and MMP-9 and their mRNA expression. Hwang and Lee \[[@B25]\] reported that when SK-Hep1 hepatoma cells were treated with AITC and NAC-AITC, both decreased activation of MMP-2 and MMP-9, but AITC had a greater effect. They also reported that mRNA expression of MMP-2 was significantly decreased by both AITC and NAC-AITC, but that of MMP-9 was decreased by only NAC-AITC.

In conclusion, treatment with inorganic sulfur can decrease the motility and invasion of tumor cells without affecting their proliferation, which is considered to be due to MMP-2 and MMP-9 activation and the suppression of their mRNA expression. In the future, more research on the mechanism of inorganic sulfur\'s affect on metastasis is necessary.
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![**Effect of inorganic sulfur on cell proliferation in MDA-MB-231 cells.** MDA-MB-231 cells were plated at a density of 2.5 × 10^4^ cells/mL in 24 well plates with DMEM/F12 supplemented with 10% FBS for 48 h. The monolayers were serum-starved with DMEM/F12 supplemented with 5 µg/mL transferrin, 5 ng/mL selenium, and 1 mg/mL bovine serum albumin for 24 h. After serum starvation, the monolayer were incubated in serum free medium with 0, 12.5, 25, or 50 µmol/L inorganic sulfur for 24 h. Viable cell numbers were estimated by the MTT assay. Each bar represents the mean ± SE from 3 independent experiments. Significant differences (*P* \< 0.05) among groups are indicated by different letters above each bar.](nrp-5-375-g001){#F1}

![**Effect of inorganic sulfur on cell motility in MDA-MB-231 cells.** Cells were cultured in the presence of various concentrations of inorganic sulfur (0, 12.5, 25, or 50 µmol/L) for 8 h with a Boyden chamber. A) Microphotography of cells treated with inorganic sulfur in cell migration assay. B) Quantitative analysis of cell motility assay. The number of migrated cells was expressed as a percentage of the control (without inorganic sulfur). Each bar represents the mean ± SE from 3 independent experiments. Significant differences (*P* \< 0.05) among groups are indicated by different letters above each bar.](nrp-5-375-g002){#F2}

![**Effects of inorganic sulfur on invasion in MDA-MB-231 cells.** Cells were cultured in the presence of various concentrations of inorganic sulfur (0, 12.5, 25, 50 µmol/L) for 12 h in an invasion chamber. A) Microphotography of cells treated with inorganic sulfur in cell migration assay. B) Quantitative analysis of cell motility assay. The number of migrated cells was expressed as a percentage of the control (without inorganic sulfur). Each bar represents the mean ± SE from 3 independent experiments. Significant differences (*P* \< 0.05) among groups are indicated by different letters above each bar.](nrp-5-375-g003){#F3}

![**Effects of inorganic sulfur on MMP-2 and MMP-9 activity in MDA-MB-231 cells.** Cells were plated in 6 well plates at a density 1 × 10^3^ cell/mL in DMEM/F12 supplemented with 10% FBS. After 48 h of incubation, the monolayers were incubated in the presence of various concentrations of inorganic sulfur (0, 12.5, 25, 50 µmol/L) for 24 h. The medium was collected and concentrated for zymography. A-a) Photographs of MMP-2, A-b) Quantitative analysis of the bands. B-a) Photographs of MMP-9 bands, B-b) Quantitative analysis of the bands. The enzyme activity was expressed as a percentage of the control (without inorganic sulfur). Each bar represents the mean ± SE of 3 independent experiments. Significant differences (*P* \< 0.05) among groups are indicated by different letters above each bar.](nrp-5-375-g004){#F4}

![**Effect of inorganic sulfur on MMP-2 and MMP-9 mRNA expression in MDA-MB-231 cells.** Cells were cultured in the presence of various concentrations of inorganic sulfur (0, 12.5, 25, or 50 µmol/L) for 24 h. Total RNA was isolated and RT-PCR was performed. Photographs of the ethidium bromide-stained gels, which are representative of 3 independent experiments, are shown. A-a) Photographs of the MMP-2 bands, A-b) Quantitative analysis of the bands. B-a) Photographs of the MMP-9 bands, B-b) Quantitative analysis of the bands. The mRNA expression of the enzymes was expressed as a percentage of the control (without inorganic sulfur). Each bar represents the mean ± SE, and significant differences (*P* \< 0.05) among groups are indicated by different letters above each bar.](nrp-5-375-g005){#F5}
